The hippocampus is one of the most age-sensitive brain regions, yet the mechanisms of hippocampal shrinkage remain unclear. Recent studies suggest that hippocampal subfields are differentially vulnerable to aging and differentially sensitive to vascular risk. Promoters of inflammation are frequently proposed as major contributors to brain aging and vascular disease but their effects on hippocampal subfields are unknown. We examined the associations of hippocampal subfield volumes with age, a vascular risk factor (hypertension), and genetic polymorphisms associated with variation in pro-inflammatory cytokines levels (IL-1b C-511T and IL-6 C-174G) and risk for Alzheimer's disease (APOEe4) in healthy adult volunteers (N = 80; age = 22-82 years). Volumes of three hippocampal subfields, cornu ammonis (CA) 1-2, CA3-dentate gyrus, and the subiculum were manually measured on high-resolution magnetic resonance images. Advanced age was differentially associated with smaller volume of CA1-2, whereas carriers of the T allele of IL-1b C-511T polymorphism had smaller volume of all hippocampal subfields than CC homozygotes did. Neither of the other genetic variants, nor diagnosis of hypertension, was associated with any of the measured volumes. The results support the notion that volumes of age-sensitive brain regions may be affected by pro-inflammatory factors that may be targeted by therapeutic interventions.
Introduction
Vulnerability of the hippocampus to aging has been demonstrated in multiple studies and one of the most common findings is age-related reduction of hippocampal volume (see Hof and Morrison 1996; Raz and Kennedy 2009; Small et al. 2011 , for reviews). However, the magnitude of age differences in hippocampal volume and the rate of hippocampal shrinkage vary widely across samples (e.g., Mu et al. 1999 vs. Sullivan et al. 1995 see Raz 2000 and Raz and Kennedy 2009 for reviews) , and the mechanisms underlying age-related changes in the hippocampus remain unclear. Because aging is associated with a dramatic increase in vascular risk (Franklin et al. 1997; Hildrum et al. 2007; Wills et al. 2011 ) and has been linked to chronic inflammation (Finch and Crimmins 2004; Finch et al. 1969; Grammas 2011) , it is plausible that accounting for these factors may clarify the observed discrepancies among studies, elucidate the contributors to individual differences in hippocampal volume, and provide insights into mechanisms of brain aging.
Adverse changes in structural and functional characteristics of the hippocampus have been related to established vascular risk factors such as high arterial blood pressure (e.g., Korf et al. 2004; Qiu et al. 2012; Raz et al. 2005 Raz et al. , 2008 , insulin resistance (Burns et al. 2012; Rasgon et al. 2011) , elevated fasting blood glucose (Cherbuin et al. 2012) , high total plasma homocysteine (den Heijer et al. 2003) , and high blood concentration of C-reactive protein (Satizabal et al. 2012) . In some studies, APOEe4, a polymorphism in a gene that regulates levels of a multifunctional lipid transporter apolipoprotein E (ApoE; Mahley 1988) and conveys an increased risk for vascular (Davignon et al. 1988 ) and Alzheimer's (Roses 1996) diseases, has been linked to smaller hippocampal volume (Bender and Raz 2012) and faster hippocampal shrinkage (Moffat et al. 2000) .
Until recently, in vivo studies of hippocampal aging did not take into account its cytoarchitectonic and functional heterogeneity (Witter and Amaral 1995) . Using the volume of the whole hippocampus may obscure the differential vulnerabilities of its components to specific risk factors, insults, and toxins. For example, one of the hippocampal subfields, cornu ammonis (CA) 1, is particularly sensitive to hypoxia, ischemia, and hyperglycemia whereas CA3 and the dentate gyrus (DG) are usually spared by these events (Petito and Pulsinelli 1984; Pulsinelli et al. 1982; Suyama 1992) . In humans, even relatively brief episodes of transient ischemia may result in highly localized CA1 lesions that convey negative cognitive consequences (Bartsch et al. 2011) . Thus, vascular risk may affect CA1 more than the other hippocampal subfields. Little is known about the differences in regional hippocampal volumes that may be attributable to genetic indicators of vascular risk. In one study of older healthy adults and Alzheimer's disease patients, APOEe4 was linked to a smaller volume of the CA3-DG region (Mueller and Weiner 2009) , whereas in another sample, an association of the risky allele with CA1 and subiculum (SUB) was observed (Pievani et al. 2011) .
Negative vascular events, such as ischemia, are accompanied by increase in neuroinflammation (Kriz and Lalancette-Hébert 2009; Simi et al. 2007) , and several proinflammatory cytokines have been implicated in disruption of hippocampal function (Williamson and Bilbo 2013) . In rodents, induction of chronic inflammation results in significant shrinkage of the hippocampus and adjacent regions that is observable on magnetic resonance imaging (MRI; Hauss-Wegrzyniak et al. 2000) . Inflammation, both central and peripheral, may affect hippocampal subfields differentially. Experimental pro-inflammatory manipulations activate microglia, impair synaptic plasticity in CA1, alter glutamate receptor subunit composition, and elevate blood titers of interleukin-1b (IL-1b; Di Filippo et al. 2013 ). The latter is a pro-inflammatory cytokine associated with brain injury and neurodegenerative disease, including neurological disorders that preferentially target the hippocampus (Di Bona et al. 2008; Kauffman et al. 2008) . Several studies found associations between hippocampal volume and biomarkers of inflammation in non-demented middleaged and older adults with or without other vascular risk factors. Increase in hippocampal levels of IL-1b accompanies age-related decline in long-term potentiation (LTP; Lynch 1998), and chronic inflammation mediated by release of IL-1b may promote the development of Alzheimer's disease (Blasko et al. 2004; Di Bona et al. 2008) . High circulating levels of pro-inflammatory cytokine interleukin-6 (IL-6) have been associated with smaller hippocampal volume (Marsland et al. 2008; Satizabal et al. 2012) . In a recent MRI study of healthy adults, a genetic variant associated with increase in pro-inflammatory cytokine IL-6 was linked to reduced density of gray matter in selected parts of the hippocampus (Baune et al. 2012) . However, the volumes of hippocampal subfields that are particularly vulnerable to vascular risk were not assessed in that study.
One of the problems with studying the effects of proinflammatory factors on the brain in vivo is that their blood levels cannot be safely manipulated in healthy humans. Measuring peripheral levels of biomarkers does not always inform about their concentration in the brain (Banks 2005; Reynolds 2006 ). Although the blood-brain barrier (BBB) can be penetrated by many cytokines, especially at its weak points, such as circumventricular organs (Konsman et al. 1999) , it is unclear how likely the reverse movement is and therefore, the relationship between brain inflammation and blood levels of IL-1 or IL-6 is far from established (Banks 2005; Banks et al. 1995) . For example, human and murine IL-6 as well as murine IL-1b can cross the BBB, but human IL-1b cannot, apparently for the lack of saturable transport mechanism (Banks 2005; Banks et al. 2001) . Nonetheless, peripherally circulating cytokines can stimulate proinflammatory cytokine production, release, and propagation in the brain (Vitkovic et al. 2000) .
The challenge of manipulating pro-inflammatory factors in humans can be overcome to some extent by employing a Mendelian randomization (Katan 1986; Lawlor et al. 2008) . In this approach, the researchers take advantage of known genetic variants such as single-nucleotide polymorphisms (SNPs) that predispose individuals to a certain level of inflammatory response and influence concentration of the pro-inflammatory biomarkers on both sides of the BBB. The existence of several SNPs in genes that are relevant to IL-1b and IL-6 provides an opportunity for implementing such an approach.
Baseline systemic levels of IL-1b are controlled by the eponymous gene, a functional SNP of which IL-1b C-511T predisposes its carriers to an increased pro-inflammatory response (Hurme and Santtila 1998) . Homozygocity for the risky T allele of IL-1b C-511T has been linked to larger volume of frontal and parietal white matter hyperintensities in healthy adults , ventriculomegaly in schizophrenia (Meisenzahl et al. 2001) , and reduced brain volume in bipolar disorder (Papiol et al. 2005 (Papiol et al. , 2008 . To the best of our knowledge, the effect of genetically induced variation in IL-1b levels on hippocampal volume in healthy humans is unknown.
Circulating levels of IL-6 vary across allelic variants of IL-6 C-174G, which has been implicated in longevity (Di Bona et al. 2008 ) and stroke (Tso et al. 2007) , although the evidence of its involvement in Alzheimer's disease has not been replicated (Ravaglia et al. 2006) . At the time of this writing, we are unaware of studies relating genetic variants in IL-6 to hippocampal volume.
Until recently, research on the human hippocampus was limited by an inability to clearly demarcate hippocampal regions on MRI. Introduction of high-resolution MRI methods (Mueller et al. 2007 ) permitted reliable estimation of regional hippocampal subfield volumes in vivo. Studies employing such methods reported smaller CA1-2 volumes in older adults compared to their younger counterparts, with smaller differences in other hippocampal regions (Mueller et al. 2011 (Mueller et al. , 2007 Mueller and Weiner 2009) . However, the association between CA1 volume and age may reflect the effects of arterial hypertension, a common age-related vascular risk factor (Shing et al. 2011) .
In light of the reviewed evidence, the goals of this study were to examine age differences in the volume of the medial temporal lobe structures-three hippocampal subfields-CA1-2, CA3-DG, and subiculum and the entorhinal cortex, and to gauge the extent to which these volumes are affected by hypertension and two pro-inflammatory genetic variants: IL1b C-511T and IL-6C-174G, as well as a common risk factor for Alzheimer's and vascular diseases, APOEe4.
Method

Participants
The participants, who were part of an ongoing longitudinal study of brain and cognitive aging, were recruited through advertising in the local media, were interviewed and provided informed consent in accord with University Institutional Review Board guidelines. The sample consisted of 80 adult volunteers (75 % women; 18 % African-American). The participants in this study completed a health status questionnaire and reported no neurological, cardiovascular, psychiatric, or endocrine disease. However, some of them exhibited a certain degree of vascular risk. Twenty-one participants (26 %) reported a diagnosis of hypertension and were taking anti-hypertensive medication, and 14 (18 %) took statins. However, we have no data on compliance with medication regimen. An additional six participants (8 %) had elevated blood pressure that placed them in the hypertensive range, and they were classified, for the purpose of analyses, as hypertensive. According to the self-report, the majority of participants led an active lifestyle, with 69 (86 %) exercising at least once a week, with the median being 3.5 days of exercise per week. Eleven participants (14 %) smoked tobacco. All participants were native English speakers and high-functioning residents of urban and suburban communities, with high scores on the mini-mental state examination (MMSE; Folstein et al. 1975 ; cut-off = 26) and a mean number of formal schooling years that corresponded to a 4-year college degree (see Table 1 ).
The participants completed a questionnaire to rule out current symptoms of depression (CES-D; Radloff 1977; cut-off = 15). All participants were right-handed (handedness score [75 %; Oldfield 1971). The participants were screened for vision problems (Optec 2000 Vision Tester, Stereo Optical Co., Inc., Chicago, IL) and speech-range hearing deficits (MA27 Screening Audiometer, Maico Diagnostics, Eden Prairie, MN). Trained technicians measured blood pressure with an auscultatory method using diastole phase V for identification of diastolic pressure (Pickering et al. 2005 ). Blood pressure was measured with the participant comfortably seated in a quiet room, on three separate days, normally 1-2 weeks apart. The values were averaged across the measurement occasions. None of the participants had a diagnosis of diabetes and all were confirmed normoglycemic by a fasting blood glucose test. For sample descriptive statistics, see Table 1 .
MRI acquisition
The following sequences relevant to this study were acquired as part of a 1-hour protocol on a 3T Siemens Verio (Siemens Medical AG, Erlangen, Germany) fullbody magnet with a 12-channel receive-only Siemens TIM head coil. To measure the intracranial volume (ICV), we acquired a high-resolution T1-weighted Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence with the following parameters: TR = 1,680 ms; TE = 3.51 ms; TI = 900 ms; flip angle = 9°, pixel bandwidth = 180 Hz/ pixel, GRAPPA acceleration factor PE = 2; voxel size 0.67 mm 9 0.67 mm 9 1.34 mm. For regional hippocampal measures, we acquired a high-resolution proton density-weighted turbo spin echo (PD-TSE) sequence in the coronal plane, oblique to the long axis of the hippocampus, with the following parameters: TR = 7,150 ms; TE = 17 ms; flip angle = 120°; pixel bandwidth = 96 Hz/pixel; turbo factor 11, voxel size = 0.4 mm 9 0.4 mm 9 2.0 mm, FOV = 280 9 512 mm; 30 slices; elliptical filter and fat saturation-on; no GRAPPA; we limited the FOV to a smaller 2D cross-section to allow for faster acquisition.
Post-processing and manual demarcation of anatomical regions
Rules for tracing the hippocampal subfields and entorhinal cortex (EC) were adapted from Shing et al. (2011) as modified from Mueller et al. (2007) and Mueller and Weiner (2009) , with one difference: the border between SUB and CA1-2 followed the tissue-contrast gradient rather than a vertical line. See Fig. 1 for an example of region of interest (ROI) tracings. Using Analyze 11.0 software (Mayo Clinic, Rochester, MN), two independent raters (A.M.D. and A.R.B) manually demarcated regional boundaries with a stylus on a 21-inch digitizing tablet (Wacom Cintiq). Inter-rater reliability was confirmed by an intra-class correlation coefficient for independent raters (ICC(2); Shrout and Fleiss 1979) of at least .90 for the bilateral total volume for each region. Regions included EC, SUB, CA1, CA2, CA3-4, and DG.
To improve visualization, the image intensities were inverted to mimic an inversion-recovery T1-weighted image. However, given the limited visualization of anatomical boundaries between subfields, CA3-4 and DG were collapsed into a single region (CA3-DG), as were CA1 and 2 (CA1-2; see Fig. 1 ). All regions were traced in both hemispheres. Ranges were allowed to differ by starting slice based on anatomical hemispheric differences. To ensure separation between the hippocampus and the amygdala, the hippocampal subfield range began with the slice on which the head of the hippocampus was no longer visible.
EC The EC was traced on six contiguous slices, beginning five slices anterior to the starting slice of the hippocampal subfield range. The end of the SUB defined the superior medial boundary and the opening of the collateral sulcus was the inferior-lateral boundary. Reliability for this region was ICC(2) = .99.
SUB The SUB was traced on three slices beginning on the starting slice. The region was traced from the end of the CA1 to the dorsal EC boundary, which was determined by extending a diagonal line from the medial border of the DG. Reliability for this region was ICC(2) = .93.
CA1-2 The CA1-2 region was traced on three slices beginning on the starting slice. The boundary circled the CA3-DG, extending medially from the dorsal border to the SUB. Reliability for this region was ICC(2) = .91.
CA3-DG This region was traced on the three contiguous slices with the other subfields. The ovoid region was traced within the hyperintense border between CA1-2. Reliability for this region was ICC(2) = .93.
ICV The ICV was calculated using the brain extraction tool (BET; Smith 2002) in FSL 4.1 using the T1-weighted images. In order to minimize inclusion of non-brain tissue such as eyes, periorbital fat, or neck muscle and fat, we first applied standard-space masking (standard_space_roi; Fig. 1 Demarcation of hippocampal subfields: the SUB (white), CA1-2 (purple), CA3-DG (green) and the EC (red). The image is in radiological orientation Keihaninejad et al. 2010) . The cranium was demarcated in BET by applying a fractional intensity threshold of 0.2 without gradient; the method used the '-A' flag for estimation of the skull from the masked image with the betsurf option (Jenkinson et al. 2005) . ICV values were sampled from the outer skull mask output by betsurf, and an experienced operator visually inspected the results. These settings were determined following comparison of hand-tuned BET output on a subsample.
The volumes of all measured ROIs were corrected for ICV via a linear equation: Volume adj = Volume rawib(ICV i -Mean ICV), where Volume adj is the adjusted regional volume, Volume rawi is the original volume for an individual, b is the slope of the ROI volume regressed on ICV, and Mean ICV is the sample mean of ICV. In this correction, we divided the ICV values by 1,000 to equalize the scales of the hippocampus and ICV.
Genotyping
We used methods and assays described in previous publications (e.g., Raz et al. 2012) . DNA was isolated from buccal samples obtained in mouthwash. Isolation was performed using a Gentra Autopure LS with the standard buccal cell protocol. For genotyping quality control, 37 % direct repeats and DNA sequencing for verification were performed. Both control DNA and no-template controls were used.
IL-1b C-511T (rs16944) Polymorphism for IL-1b C-511T was interrogated with the 5'-nuclease assay using a Taqman SNP Genotyping assay (Applied Biosystems, Foster City, CA, USA). Genotyping success rate was 99 %. The allelic distribution of the IL-1b C-511T polymorphism contained 34 % CC homozygotes (n = 27), 47 % C/T heterozygotes (n = 38), and 15 (19 %) TT homozygotes. Hardy-Weinberg (HW) equilibrium for IL1bC-511T was not violated: v 2 = 0.06, p = .80. CC homozygotes were older than CT heterozygotes, who in turn were older than TT homozygotes: F(2,78) = 3.77, p = .027. This difference could reflect a selection bias: older persons with proinflammatory allele T might have been less likely to maintain good health and pass the screening criteria for the study. The age difference between the allelic groupings of this SNP was controlled by having age included in all analyses. No differences were noted in MMSE scores (F \ 1) or education: F(2,78) = 1.59, p = .21. Although the sample combined participants from different ancestral populations, we found no difference in allele distribution between AfricanAmericans and Caucasians: v 2 (2) = 1.59, p = .45. IL-6 C-174G (rs1800795) The IL-6C-174G polymorphism was interrogated with the 5 0 -nuclease assay using standard TaqMan conditions and Genotyping Assay (Applied Biosystems, Foster City, CA, USA). The primers and probes for the assay were 5 0 -CGACCTAAGCTGC ACTTTTCC -3 0 , 5 0 -GGGCTGATTGGAAACCTTATTA AGATTG -3 0 , VIC-CCTTTAGCATGGCAAGAC -NFQ and FAM-CCTTTAGCATCGCAAGAC -NFQ. Genotyping had a success rate of 98 % and revealed that 30 (37 %) participants were heterozygous (CG), 10 (13 %) were homozygous for the G allele (GG) and 40 (50 %) were homozygous for the C allele (CC). The distribution of the alleles conformed to the HW equilibrium: v 2 = 1.30, p = .25. There were no significant differences among the ApoE allelic groupings in age (F \ 1), education (F = 1.57, p = .21), or MMSE (F = 1.69, p = .19). The allele frequencies did not differ between Caucasian and AfricanAmerican subgroups of the sample: v 2 (2) = 0.96, p = .62. ApoE e variants ApoE polymorphisms (rs429358 and rs7412) were preamplified with forward 5 0 -CAATGCTA CCGAGTTTTCTTCC-3 0 and reverse primers 5 0 -TTCAGA TTCTTCACAGATGCGTA-3 0 in a 25 ll reaction containing 2.5 mmol/l MgCl 2 , 0.5 lmol/l of the primers, 1.25 U AmpliTaq Gold polymerase, and 200 lmol/l dTTPs. The mixture was denatured at 95°C for 10 min and amplification achieved by 15 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min, followed by a final extension at 72°C for 10 min. One ll of this reaction was subsequently used for rs429358 and rs7412 5 0 -nuclease assays under standard conditions. The primers and probes for the rs429358 assay were 5 0 -GCGGGCACGGCTGT-3 0 , 5 0 -GCTTGCGCAGGTGGGA-3 0 , VIC-CATGGAGGACG TGTGC-NFQ and FAM-ATGGAGGACGTGCGC-NFQ. The primers and probes for the rs7412 assay were 5 0 -TCCGCGATGCCGATGAC-3 0 , 5 0 -CCCCGGCCTGGT ACAC-3 0 , VIC-CAGGCGCTTCTGC-NFQ and FAM-CA GGCACTTCGC-NFQ. There were 9 e2 carriers (no homozygotes), 53 e3 homozygotes and 21 e4 carriers (three of them homozygotes); there were three e2/e4 heterozygotes. For e4 vs. e3 and e2 vs. e3 alleles, HW equilibrium was maintained: v 2 = 1.86, p = .17 and v 2 = 2.32, p = .13, respectively. Because of very low frequency of non-e3 genotypes, two groups were used for comparisons: e4 carriers (n = 21, 26 %) vs. non-e4 genotypes (n = 59, 74 %). There were no significant differences among the ApoE allelic groupings in age (F = 1.82, p = .17), education (F = 1.27, p = .29), or MMSE (F \ 1). There was no difference in e4 frequency between the Caucasian and African-American subgroups of the sample: v 2 (1) = 0.1, p = .94.
Statistical analyses
A general linear models (GLM) were fitted to the data. In the models, the adjusted volume of three hippocampal subfields or EC volume served as a the dependent variable, subfield was a repeated measures factor, and age (centered at the sample mean) was a continuous independent variable, and sex, IL-1b C-511T (CC, CT, or TT), IL-6 (CC, CG or GG), APOE (e4 carriers vs. non-carriers) and diagnosis of hypertension (yes, no) were categorical factors. All bivariate interactions were tested and if found non-significant (p [ .15), removed from the model. Due to a small number of participants with specific combinations of alleles, we could not test higher-level interactions within the same model. All models contained first-order interactions among all predictors. We used Huynh-Feldt correction to adjust the probability levels of all interactions that involved repeated measures for violation of the sphericity assumption. The GLM analyses were followed by univariate analyses of simple effects, and testing the differences among levels of the categorical variables with Fisher's Least Significant Difference test.
Results
The analyses revealed main effects of age (F(1,71) = 4.37, p = .04) and IL-1b polymorphism (F(2,71) = 3.87, p = .025), with no significant effects of sex, diagnosis of hypertension, IL-6, APOEe4 or interactions of ROI with polymorphisms, diagnosis of hypertension, and sex (all F \ 1). Post hoc evaluation of the allele differences in the combined volume of all ROIs showed that C homozygotes had significantly larger hippocampal subfield volumes in comparison to the heterozygotes and T homozygotes: p = .023 and .015, respectively (Fisher test, see Fig. 2 ).
In addition to the main effect of age, there was a significant ROI 9 age interaction: F(2, 142) = 3.44, p = .04.
The interaction reflected age-related differences confined to the CA1-2 subfield only: a correlation of volume with age, r = -.31, p = .006; Bonferroni-adjusted p = .03. There were no associations between volume and age noted in the SUB (r = .14, p = .20) and the CA3-DG region (r = .07, p = .61). See Fig. 3 for scatter plots and regressions of each subfield volume on age. All analyses were repeated for the EC and revealed no significant effects (all F \ 1).
Discussion
There are two main findings in this study. The first is the association between genetic predisposition for higher levels of pro-inflammatory cytokine IL-1b and hippocampal subfield volumes in healthy adults. Carriers of the T allele, especially T homozygotes, of the IL-1b C-511T polymorphism exhibited significantly smaller volumes of the hippocampal subfields CA1-2, CA3-DG, and SUB, compared to C homozygotes that were likely to have lesser proinflammatory activity. Whereas IL-1b is an important means of defense against infection (Pedra et al. 2009 ), its increased release into the system, including the brain, may promote processes associated with hindered development or enhanced atrophy of the hippocampus. It will take a longitudinal study on a lifespan sample to determine which of these processes may play a role in the observed association. Notably, this genetic association is specific to the IL-1b C-511T polymorphism and not another pro-inflammatory genetic variant (IL-6) or an established risk factor for Alzheimer's disease (APOEe4). The effect of IL-1b C-511T polymorphism did not vary across hippocampal subfields. Such uniformity may reflect the dense but relatively even distribution of IL-1b receptors in the hippocampus, although somewhat greater concentration of these receptors has been noted in the DG (Ban et al. 1991) .
We did not replicate the negative effect of the APOEe4 variant on any of the hippocampal subfields, and there are several possible explanations for this discrepancy. Notably, unlike the studies that reported such an association (Mueller and Weiner 2009; Pievani et al. 2011 ), we did not include Alzheimer's disease patients and cognitively impaired persons in our sample. It is unclear whether healthy carriers of the APOEe4 variant have smaller hippocampal volumes. Several reports of negative effects of APOEe4 on the hippocampal volume in healthy participants (Chiang et al. 2011; Cohen et al. 2001; den Heijer et al. 2012; Lind et al. 2006; Lu et al. 2011; Moffat et al. 2000) are balanced by studies that failed to find such an association (Adamson et al. 2010; Cherbuin et al. 2008; Ferencz et al. 2013; Hostage et al. 2013; Lemaître et al. 2005; Richter-Schmidinger et al. 2011; Troyer et al. 2012) , with some finding the effect only for the homozygotes (Crivello et al. 2010) .
The second finding is differential age-related variation in the volume of CA1-2 subfields of the human hippocampus. This finding is in accord with the extant literature (Kerchner et al. 2013; Mueller et al. 2007; Shing et al. 2011 ). However, we did not observe a significant effect of hypertension, which was previously reported to explain age-related differences in CA1-2 volumes (Shing et al. 2011) , and the reasons for this discrepancy are unclear. It is possible that the influence of hypertension on CA1 is more pronounced at older age (in the Shing et al. sample, the age range was 70-78 years) or that the variance that was attributed to hypertension in that sample was spread among the other vascular risk factors considered. It is also possible that the effect of hypertension was weakened by selection bias in an optimally healthy sample. We can only speculate that participants who maintained overall good health in spite of diagnosed hypertension might have possessed beneficial genetic or developmental characteristics that were not measured and included in the model, but could offset the negative effects of vascular risk. Thus, the differential vulnerability of CA1 to vascular risk in otherwise healthy adults remains indeterminate.
Heightened sensitivity of CA1 to aging observed in this study is in agreement with several previous reports (Mueller et al. 2007 (Mueller et al. , 2011 Mueller and Weiner 2009; Shing et al. 2011) . However, there are some contradictory findings. Mueller and colleagues (2011) reported age differences in CA1 and CA3-DG. A recent study reported no age differences in CA1 and significant age differences in CA3 and DG/CA4 (Pereira et al. 2014) . A semi-automated segmentation approach used in that study differed from ours (based on Mueller et al. 2007 ) in several respects: it used images with lower in-plane resolution of 1 vs. 0.16 mm 2 , had lower reliability of measurements (and, of note, differentially low reliability of CA1 volumes), and used different rules for region aggregation (combined CA2 with CA3, and not with CA1; and DG only with CA4, and not with CA3) using an approach developed by van Leemput and colleagues (2009) . In another study, SUB but not CA1 volume was associated with age (La Joie et al. 2010) . In that study, region demarcation rules differed from those in Mueller et al. (2007) especially in defining the boundary separating SUB from CA1. Notably, in all of these studies, the participants' age range was narrower than in our study. Thus, it is unclear whether the described discrepancies stem from differences in studied populations or from methodological variations. The meaning of volume differences observed on MRI is not yet clearly established. Although the loss of neurons in Alzheimer's disease correlates highly with reduction in hippocampal volume (Bobinski et al. 2000) , it is not necessarily true that volume differences reflect neuronal attrition in normal adults. In normal mammalian brains, MRI-based volume estimates track closely to fluctuations in neuropil volume (Qiu et al. 2013) . Thus, until more precise in vivo estimates of cytoarchitectonic changes in the hippocampus are available, the neurobiological meaning of the observed differences in hippocampal subfield volumes remains unclear.
The mechanism of the observed associations between the pro-inflammatory risk allele and regional brain volumes is unknown. Brain response to inflammation is mediated mainly by microglia, and probably more so in older organisms. In normal aging, which is accompanied by elevated basal levels of IL-1b and IL-6, microglia are ''primed'' to respond with enhanced proliferation to rising cytokines levels (Jurgens and Johnson 2012) . In response to experimental induction of systemic inflammation, microglia-expressing IL-1b emerge in the hippocampi of older but not younger rodents, and LTP suppression ensues (Liu et al. 2012) . However, the complex role of microglia and pro-inflammatory cytokines in dynamic morphology of CA1 and DG is still not settled (Ekdahl et al. 2009; Harry and d'Hellencourt 2003; Koo and Duman 2008; Sugawara et al. 2002; Wolf et al. 2002) . Although the association of microgliosis with loss of neurons and neuropil in hippocampal subfields has been observed in rodents undergoing kainite treatment (Wolf et al. 2002) , the neurobiology underlying differences in volumes measured on relatively coarse MR images is uncertain. Genetic predisposition towards increased pro-inflammatory response is a risk factor for Alzheimer's disease (Griffin and Mrak 2002) , and may be associated with augmented microgliosis, although thus far neuropathological evidence of such connection has been found only for the IL-1a polymorphism (Hayes et al. 2004) .
The results of this study should be interpreted in the context of its limitations. First, an important caveat is that this is a cross-sectional study and therefore cannot elucidate age-related changes and individual differences therein. Pro-inflammatory cytokines of the interleukin family play many diverse roles in development, maintenance and aging of the brain, and in particular, the hippocampus. Because of their involvement in plasticity, synaptic pruning, and neurogenesis (Arisi 2014; Graeber et al. 2011; Huang and Sheng 2010; Yirmiya and Goshen 2011) , it is premature to infer what aspect of IL-1b is central to the influence on hippocampal volume observed in this cross-sectional study. Although several longitudinal studies have confirmed the progressive (and probably accelerated) nature of age-related hippocampal shrinkage (see Raz and Kennedy 2009 for a review), at the time of this writing, there are no longitudinal studies of hippocampal subfield volumes in normal adults.
The composition of the sample employed in this study limits generalization of the findings. The participants had higher levels of education, greater levels of activity, and lower risk for multiple age-related diseases than typical adults, especially the elderly drawn from an unscreened general population. On the other hand, in such a selective sample, the likelihood of confounding effects of multiple health risks on hippocampal volumes is reduced by comparison to the typical community samples.
The size of the sample available for this study did not allow investigation of second-order interactions among the genetic variants, or between the latter and vascular risk biomarkers. The interaction that we examined could have been rendered non-significant by low statistical power. As this study is a part of an ongoing investigation, we hope for better statistical power in future analyses and follow-ups.
The Mendelian randomization approach used in this study should be qualified by a relatively small sample size. As we did not assess blood levels of IL-1b or IL-6, we could not ascertain that in this sample, the genetic randomization indeed resulted in manipulation of the levels of this pro-inflammatory cytokine.
We did not assess the amyloid burden in this sample. Induction of systemic inflammation in mice results in accumulation of beta-amyloid (Ab) in the hippocampus followed by cognitive deficits that can be reversed by antiinflammatory treatment (Guo et al. 2002; Lee et al. 2008) . Examining the associations between pro-inflammatory response, hippocampal volume, and Ab deposits is an important undertaking for future studies. However, the lack of APOEe4 effects suggests that differences in amyloid deposits are unlikely to explain the observed differences.
Although the parcellation of the hippocampus that we used in this study is an improvement over the wholehippocampus measures used in the vast majority of studies, it is still a coarse one. Our method did not allow for separation of CA1 from CA2, and most importantly, of DG from CA3. Moreover, even within CA3, there may be distinct structural and functional regions (Kesner 2007) that cannot be demarcated on any of the available MR images. Solution of this problem will have to await greater accessibility of super high field magnets, e.g. 7T devices that allow significantly better in-plane resolution.
The goal of this study was the comparison of the associations of age and pro-inflammatory genetic variants with regional hippocampal volumes. At the time of this writing, we had no data on the total hippocampal volume and the volumes of other age-sensitive brain regions in this sample. Similar negative effects of various pro-inflammatory factors on the brain structure were observed in the subcortical white matter Satizabal et al. 2012 ) and gray matter volume (Satizabal et al. 2012) . Whereas age showed a differential effect on CA1-2 subfield, specificity of the observed effects of pro-inflammatory factors is unclear.
Finally, whereas this study highlights the possible influence of pro-inflammatory cytokine on the hippocampal volume, it sheds no light on what potential influence this association may have on cognitive performance. This study was a part of an ongoing longitudinal investigation and the high-resolution hippocampus imaging protocol was added after the participants underwent one or more waves of cognitive testing, with variable delays between tests and MRI scans. Thus, we could not at this time examine the associations between the volume of hippocampal subfields, inflammation, and cognition.
In summary, genetic predisposition for enhanced proinflammatory activity is linked to smaller volume of the hippocampal subfields. The effects are independent of age, sex, diagnosis of hypertension and other genetic risk factors. Inflammation may be, therefore, an ageindependent modifier of hippocampal size and not an integral part of an ''inflammaging'' (Franceschi et al. 2000) process. Nonetheless, reduced hippocampal size is associated with poor performance on memory tasks in older adults (Raz and Kennedy 2009 ) and prevention of hippocampal shrinkage may be a worthy goal. Neuroinflammation is a modifiable phenomenon and can be ameliorated by a variety of pharmacological and physical means, including exercise, which can specifically reduce IL-1b levels in the hippocampus (Gomes da Silva et al. 2013) . Thus, inflammation, especially in persons with a known genetic predisposition, may be a worthwhile target of therapeutic intervention.
